Fungal volatilization of antimony and other group Vb elements has been proposed to have a causal role in the sudden infant death syndrome (SIDS ; cot death). The ability of fungi to produce volatile arsenic and antimony compounds in pure culture was examined using Scopulariopsis brevicaulis, reported as an inhabitant of PVC cot mattress covers, and Phaeolus schweinitzii, a wood decay fungus known to be a good volatilizer of arsenic. Volatile arsenic compounds were detected from all cultures grown on arsenic-supplemented media, but antimony volatilization was not reliably detected. Although antimony levels above the baseline sensitivity of the analytical technique were detected in four (out of 24) of the samples analyzed, the concentrations recorded were too low to be reliably interpreted as evidence for volatilization. Our results are discussed in relation to hypotheses regarding the causes of SIDS. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Toxic gases resulting from the biological volatilization of group Vb elements (phosphorus, arsenic and antimony) have been implicated in sudden infant death syndrome (SIDS) [1^4] . Antimony, the element attracting most attention, is present primarily as a ¢re retardant in PVC used to make mattress covers [2, 3] . Also, it has been suggested that phosphorus, widely present in natural materials, but also in ¢re retardants, plasticizers and detergent residues, and arsenic, mainly occurring as an impurity in antimony but added as a preservative biocide in certain circumstances, may be sources of other toxic volatiles (group Vb hydrides or alkylated derivatives) [1, 4] . This paper reports the results of a study of the potential of two fungi, Scopulariopsis brevicaulis and Phaeolus schweinitzii to produce volatile antimony compounds in culture, as a contribution to the evaluation of the antimony toxicity hypothesis. S. brevicaulis is a known producer of volatile arsenic compounds [5] and has been identi¢ed as a colonizer of PVC cot mattress covers [2, 3] ; the wood decay fungus P. schweinitzii is known to be an e¡ective volatilizer of arsenic [6] , and was included in this study as a reference.
Materials and methods

Fungal cultures
Two strains of S. brevicaulis, PRIL, isolated by Dr. B.A. Richardson (Penarth Research International Ltd., Guernsey, UK) from a cot mattress cover, and IMI 040026, from the culture collection of the CAB International Mycological Institute (Egham, Surrey, UK), and two isolates of P. schweinitzii, 107 and 170, isolated from infected spruce trees in the Forest of Dean, Gloucestershire, UK, were used. Stock cultures were maintained on 5% malt agar (malt extract (Oxoid) 5% w/v; agar 2% w/v), and were grown at 25³C.
Media for volatilization studies
To determine the ability of the fungi to produce volatile arsenic and antimony compounds, supplements of test compounds of these elements were incorporated into a 5% malt agar basal medium at concentrations corresponding to either the EC SH (median e¡ective concentration) for inhibition of hyphal extension, or 0.1 EC SH . Where the EC SH was greater than 500 mg l 3I , compounds were incorporated at 300 mg l 3I . In addition, 0.01% (w/v) lithium chloride was included in the medium as a marker to check for accidental contamination of the ¢lter paper detector strips (see below). To determine their EC SH concentrations, arsenic trioxide (As P O Q ), antimony trioxide (Sb P O Q ) or potassium antimony tartrate (KSbO U C R H R ) were incorporated at concentrations in the range 5^500 mg l 3I . As Sb P O Q was sparingly soluble, suspensions of this material were dispensed individually into Petri dishes and mixed into the basal medium with agitation in situ to ensure uniform distribution. Nine cm diameter Petri dishes containing the various media were inoculated with 5 mm discs of fungal mycelium, cut from the actively growing margins of cultures maintained on 5% malt agar. The dishes were incubated at 25³C. The radius of colonies was measured after 7 days, except for S. brevicaulis IMI 040026, which was measured after 21 days, and from these data the inhibition of hyphal extension was calculated.
Trapping and detection of volatiles
Plates containing arsenic-or antimony-supplemented medium were inoculated with a disc of fungal mycelium, inverted and incubated at 25³C for 7 days before their lids were replaced by new sterile Petri dish lids containing strips of ¢lter paper, approx. 1 cmU5 cm, which had been dipped in 10% (w/v) silver nitrate solution and dried, before being attached with adhesive tape to the inside of the lids. The cultures were inverted to facilitate contact between the postulated volatiles, which are denser than air, and the detector papers, which can be used as a trap for group Vb hydrides [3] , the silver compound being reduced by the hydrides [7] . The alkylated derivatives are also reducing [8] , and should be trapped similarly. The cultures were incubated for a further 7 days with the new lids in place, using separate incubators for each test compound in order to avoid the possibility of cross contamination by evolved volatiles. All treatments were done in triplicate. After 7 days the ¢lter paper traps were removed and stored in individual plastic wallets until analyzed for lithium, arsenic and antimony.
The analyses were done by a commercial analytical laboratory (Rooney Laboratories Ltd., Basingstoke, Hampshire, UK). In brief, test papers were digested by wet oxidation with nitric and perchloric acids, to solubilize any arsenic and antimony compounds present. Hydrides of these elements were generated by the addition of sodium borohydride, and the generated vapours analyzed by atomic absorption spectroscopy. Arsenic and antimony were determined separately from di¡erent aliquots of the test paper digests. Lithium was determined by £ame atomic emission, using an air-acetylene £ame.
Results
EC SH values for the inhibition of hyphal extension by As P O Q were 50 mg l 3I (0.25 mM) and 300 mg l
3I
(1.52 mM) for P. schweinitzii and S. brevicaulis respectively. Sb P O Q had no e¡ect at the highest concentration used (500 mg l 3I ; equivalent to 1.72 mM, although the low solubility of this compound meant that solution concentrations were much lower). KSbO U C R H R similarly had no e¡ect at 500 mg l 3I (1.54 mM), except on S. brevicaulis PRIL, for which the EC SH was 300 mg l 3I (0.92 mM). Arsenic and antimony concentrations in the volatilization experiment were chosen on the basis of these results. 0.01% (2.36 mM) lithium chloride alone had no e¡ect on hyphal extension.
In the volatilization experiment, none of the ¢lter papers contained more than background levels of lithium (data not shown), indicating there was no direct contamination of ¢lter papers from the culture medium. Arsenic concentrations in test papers exposed to the volatile products of fungi growing on medium containing As P O Q were between 1^2 orders of magnitude above the assay background (Table 1) . More arsenic was trapped from cultures containing the higher concentration of As P O Q and both strains of P. schweinitzii volatilized more arsenic than either of the strains of S. brevicaulis. Antimony levels were below the limit of assay sensitivity (0.05 Wg total) from all ¢lter paper digests except those from four individual Petri dishes, representing three fungus/ treatment combinations on medium containing Sb P O Q (Table 1) . However, these were close to the sensitivity limit of the technique, and cannot be unequivocally attributed to the trapping of volatile antimony compounds.
Discussion
As an unauthorized critique of this hitherto unpublished study has recently been presented and unsupported extrapolations have been made from our data [4] , we now regard it essential that the full results are made available to permit their objective evaluation.
The present study provides clear evidence for the fungal volatilization of arsenic, by both P. schweinit- zii and S. brevicaulis, a relatively well-established metabolic activity of these fungi [5, 6] . Volatilization of antimony was not, however, unequivocally demonstrated under conditions shown to be favorable for arsenic volatilization. Although four (out of a total of 24) of the test papers from antimony-containing plates gave assay readings above the limit of sensitivity of the instrumentation used, the amounts recorded were very close to the detection limit, and fall far short of providing the positive evidence that has been claimed [4] . In three of these samples the level recorded exceeded the detection limit by a factor of two only, in the other this limit was exceeded by a factor of ¢ve. It would be unwise to regard these data as proof of volatilization as they could readily be accounted for by contamination as the quantities involved were extremely small: arsenic levels recorded were 12^200 or more times the background level. In all cases the increased antimony was associated with the wood decay fungus P. schweinitzii, rather than S. brevicaulis which has been proposed to be involved in the cot death syndrome [2, 3] . However it is recognized that the demonstration of antimony volatilization by any fungus would be of considerable interest, since evidence has been presented that antimony volatilization (from SbCl Q ) does not occur [9] .
Results from a number of other SIDS-related studies, in which methods of elemental analysis rather than color indicators have been employed, have either failed to show any volatilization of antimony [10] , or have been similar to those reported here, with assay results slightly above background levels in a few samples only [11^13] . The lack of reproducibility, even between traps exposed to gases from the same culture [12] , in these (and our) studies precludes the interpretation of these results as reliable evidence for even sporadic antimony volatilization. However, it remains possible that the experimental conditions used in both the present and other studies have been inappropriate for the e¡ec-tive volatilization of antimony, although readily allowing arsenic compounds to be evolved. Potential factors include medium pH and composition [4] , and the availability of the antimony compounds used to the fungus, as Sb P O Q is only slightly soluble in water [14] . Also, it has been claimed that the antimony in KSbO U C R H R is unavailable to microbial metabolism [4] , since S. brevicaulis appears to consume the tartrate with the precipitation of Sb P O Q [5, 15] .
Further, our unpublished data have been interpreted as demonstrating phosphine generation by S. brevicaulis and P. schweinitzii [4] . This contention is unsupportable. Phosphorus contents, determined by inductively coupled plasma emission spectroscopy during analysis for lithium, arsenic and antimony, were presented in an appendix of raw data in an unpublished report [16] . However, no determinations were made of the background phosphorus levels in the materials and reagents used in the assay, nor were speci¢c attempts made to eliminate the possible contamination of analysis samples with exogenous phosphate. In this context, it is pertinent to note that the mean phosphorus level in ¢lter paper traps exposed to the gas phase in uninoculated control plates (5.31 þ 0.89 Wg) was considerably greater than the overall mean level calculated from all the inoculated plates (3.08 þ 0.42 Wg) [16] . Although our study does not provide any evidence against the hypothesis that phosphine may be produced by these fungi, it cannot be used to support this contention.
This study has demonstrated the production of a volatilized form of arsenic by fungi, including an isolate of S. brevicaulis obtained from a cot mattress cover. The exact compound evolved has not been determined; in much of the SIDS literature the volatilized group Vb elements are referred to as the hydrides (arsine, stibine and phosphine) [1, 4, 11] . However, where the identity of biologically volatilized arsenic has been investigated, alkylated derivatives have been found [5] and it is likely that the volatile trapped in this study was trimethylarsine. Although reproducible demonstration of any comparable volatilization of antimony remains elusive, there remain su¤cient unresolved epidemiological [17] and microbiological questions to suggest that further more comprehensive studies of the potential of cot mattress-associated micro£oras to produce volatile antimony and phosphorus compounds may be warranted. Further, if the microbial biotransformation of antimony resembles that of arsenic, resulting in the formation of alkylated derivatives, these are relatively non-volatile [8] and may not be detectable from the gas phase. However, such toxic compounds might mobilize antimony, making it available for uptake through alternative pathways such as direct skin absorption.
